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Inverse-photoemission spectra (IPES) recorded from Nb(110) allow the unoccupied bands to be
mapped. The critical points are identified and the approximate form of the high-lying 2, band es-
tablished. This latter band serves as the initial state in IPES and the final state in photoemission
studies. It is suggested that disagreement between theory and experiment for the T critical point
probably reflects the presence of a surface resonance. Fluorescence is also observed from the decay
of the Nb 4p core holes. The relative intensity of the fluorescence due to 4p;,, and 4p,,, core holes
is discussed in terms of possible Coster-Kronig transitions.

I. INTRODUCTION

Over the past two decades the band structure of niobi-
um has been the subject of several first-principles calcula-
tions.!~* However, this theoretical effort has not been
matched by an equivalent number of experimental band-
structure studies.>® Indeed, photoemission studies,
which have examined the electronic structure of clean
Nb(110) rather than its adsorption properties, highlighted
a key problem. In any band-mapping exercise derived
from photoemission data, it is important that, for direct
transitions between two bands, some suitable form be
chosen for the high-lying final-state band. In a number of
studies on other metals this band has either been obtained
from first-principles calculations where these exist or ap-
proximated by a free-electron-like band.” For niobium
the calculations have tended not to consider the higher
bands and a free-electron-like final state does not appear
to represent a good approximation. The latter limitation
arises from the fact that the final-state 2, band results
from strong hybridization between the sp band and the
unoccupied d bands. An earlier photoemission study of
the Nb(110) surface examined the validity of a rigid
band-shift approximation.> Thus the final-state band was
approximated by shifting the equivalent band calculated
for neighboring molybdenum.® With this approach the
authors were able to draw several conclusions about the
band structure of niobium.

In this paper we present an inverse-photoemission
study of the unoccupied bands of the clean Nb(110) sur-
face. Our study allows us to identify the unoccupied crit-
ical points at the I' point and to make an improved ap-
proximation of the higher-lying =, band. For inverse-
photoemission studies this band serves as the initial state.
Using this approximation we are able to map the unoccu-
pied bands above the Fermi level and compare these with
calculations. We find reasonable agreement between re-
cent calculations and experiments for the I'}, point but
not for the I',5 point. In Sec. II of this paper we describe
our experimental arrangement, and present our results.
We also show spectra which include fluorescence peaks
resulting from the decay of the 4p;,, core hole. There is
no obvious fluorescence from the 4p, ,, core hole and it is
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suggested that this may reflect Coster-Kronig transitions.
In Sec. IIT we discuss these data and present our con-
clusions.

II. EXPERIMENT

The inverse-photoemission studies described in this pa-
per were carried out using a grating spectrograph that
has been described in detail elsewhere.” Using such an
apparatus it is possible to determine the unoccupied band
structure as a function of k, at a fixed k; from inverse-
photoemission spectra recorded at different incident-
electron energies. We demonstrate this in Sec. III.

The niobium (110) surface used in these studies was ob-
tained by resistively heating a niobium foil to approxi-
mately 2300°C. As in a number of previous studies,'
low-energy electron diffraction (LEED) indicated that
following this treatment the foil recrystallized with the
(110) direction along the surface normal. Surface clean-
liness was monitored using Auger-electron spectroscopy.

In Fig. 1 we show the inverse photoemission spectra
recorded from the Nb(110) surface as a function of the
incident-electron beam energy. It will be seen in the
figure that as the electron-beam energy is reduced from
approximately 20 to 13 eV, one band disperses from an
energy 1.5 eV above the Fermi level down to the Fermi
level and then back again to approximately the same
binding energy. A second band further from the Fermi
level at an energy of approximately 3.5 eV splits into two
bands as the incident-electron beam energy is reduced.

By applying optical selection rules!' we are able to la-
bel the symmetry of these bands. The initial state band in
inverse photoemission is required to be a totally sym-
metric 2, band. With this limitation the allowed final-
state bands will fall into 2,, 2;, and =, representations.
We thus identify the band dispersing down to the Fermi
level and back with the 2, band predicted in all calcula-
tions.!~* We associate the other bands with the =, and
2, bands dispersing away from the I' |, point. We do not
appear to observe the X; band which is calculated to
disperse away from the I',5 point.

In Fig. 2 we again show inverse-photoemission spectra
for electrons incident along the surface normal but now
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FIG. 1. Inverse-photoemission spectra recorded from
Nb(110) as a function of the incident electron-beam energy E,
determined with respect to the Fermi energy. The electron
beam is incident along the surface normal.

with energies spanning a higher energy range. This series
of spectra reveals another feature. Above 31 eV, the
threshold for excitation of the 4p;,, core hole, we begin
to observe photons emitted at a constant photon energy
characteristic of the radiative decay of these holes. This
fluorescence or soft-x-ray emission is not a new
phenomenon and is to be expected to an inverse-
photoemission apparatus of this type. Indeed a fluores-
cent peak at constant photon energy is the direct analo-
gue of an Auger peak at constant electron energy in a
photoemission spectrum. Examination of Fig. 2 reveals
little or no fluorescence characteristic of the radiative de-
cay of the 4p, ,, core hole.

III. DISCUSSION

We firstly discuss the radiative decay of the 4p core
holes. In order to get a quantitative feel for the relative
intensity that might be expected from decay of the 4p;,,
and 4p,,, core holes we follow the analysis of soft x-ray
emission due to Mattheiss and Dietz.!2

They show that if the emission intensity /,;; of photons
emitted from the radiative decay of a core state {I,;) is
given by
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FIG. 2. Inverse-photoemission spectra recorded as in Fig. 1
but over a higher energy range. The incident-electron beam en-

ergy E, ranges in 0.5-eV steps from 28 to 38 eV with respect to
EF.

Lyj=nuky; (1)

where n,;; and k;;; are the number of excited states and
radiative-decay rate, respectively, then the ratio of the in-
tensities for the two spin-orbit-split core levels will be
given by

I, (2j + 1k,
L @

nlj’ (2] +1) nlj’
Using the tables and formulas given by Mattheiss and
Dietz and further, assuming spin orbit effects are small in
the valence band of niobium, we find that the intensity ra-
tio of the radiative decay of the two core levels, 4p; , and
4p, ,,, will be by approximately 4.0. The assumption of
an intensity ratio simply reflecting the multiplicity of the
core levels with complete neglect of selection rules would
lead to a ratio of 2.0. The intensity ratio in Fig. 2 is
clearly much higher than 4.0. Indeed we note that a
similar imbalance in the intensity ratio has been observed
in soft x-ray emission from the outer core levels of the
free-electron metals.'!> One assumption made in the
analysis outlined above is that k™, the nonradiative decay
rate, is approximately the same for both core levels. This
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is probably valid for Auger decay but neglects the possi-
bility of decay via fast Coster-Kronig transitions for the
4p,,, core level. It is anticipated that inclusion of this
decay channel will lead to a much higher value for the in-
tensity ratio.

Finally we note that above threshold for excitation of
the 4p core holes the intensity of the direct transitions of
the inverse-photoemission process show a marked reduc-
tion indicating competition between the two channels.

We now turn to a discussion of the experimentally ob-
served band dispersions shown in Fig. 1. In order to map
out the dispersion of the final-state bands with k; some
knowledge of the dispersion of the initial-state band is re-
quired. As noted earlier, one approach to this problem
would be to use a free-electron-like dispersion for the
high-lying initial state. This approximation does not al-
low for any band gaps introduced by the periodic poten-
tial but has proved very useful in a number of earlier pho-
toemission studies. To apply this to the present experi-
ments, one simply adopts a free-electron dispersion deter-
mined from k? and measured from some inner potential;
the latter being set equal to the calculated value or ad-
justed to fit the experimental data. If the inner potential
is taken from calculation' this procedure locates the T’
critical point of the initial-state band in the TN direction
at approximately 23 eV above the Fermi level. Examina-
tion of the experimental data in Fig. 1. shows that the 2,
final-state band reverses its dispersion at incident-electron
energies around 20 eV with respect to the Fermi level.
We therefore associate this region with I" and conse-
quently locate the binding energy of the initial state X,
band for this critical point at 20 eV above the Fermi lev-
el. To apply this to the present experiments, one simply
adopts a free-electron dispersion determined from k2 and
measured from some inner potential, the latter being set
equal to the calculated value or adjusted to fit the experi-
mental data. If the inner potential is taken from calcula-
tion' this procedure locates the I' critical point of the
initial-state band in the TN direction at approximately 23
eV above the Fermi level. Examination of the experimen-
tal data in Fig. 1 shows that the X, final-state band rev-
erses its dispersion at incident-electron energies around
20 eV with respect to the Fermi level. We therefore asso-
ciate this region with I and consequently locate the bind-
ing energy of the initial state =, band for this critical
point at 20 eV above the Fermi level.

To pin the initial-state band at the lower critical point
we note that a recent calculation located the N, point at
12.0 eV above the Fermi level.* Smith et al.,> inferred
from their photoemission data that this point was located
at approximately 13.0 eV above the Fermi level. As we
show later the choice of 12.0 eV for this N, point pro-
duces close agreement between our experimentally mea-
sured dispersion for the 2, band closest to the Fermi level
and the calculation of Elyashar and Koelling.? Finally to
obtain some approximation for the dispersion of the
initial-state band we follow the earlier photoemission
study and adopt the shape of the equivalent band calcu-
lated for neighboring molybdenum. Thus we take the
calculated =; band from the Mo calculation of Zunger
et al.® and scale it to pass through the higher critical
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point determined experimentally and the N, point 12 eV
above the Fermi level.

In Fig. 3 we plot the dispersion of the experimental
final-state points determined by the above procedure.
These experimental observations are indicated by vertical
bars, the length of which may be taken as a measure of
the error in determining the energies. In the figure we
also compare our empirically determined initial-state
band with the free-electron-like band. We have included
the results of a first principles calculation of the “final-
state” bands due to Elyashar and Koelling.?

It will be seen that the overall comparison is good with
excellent agreement for the I'}, critical point and the
dispersion of the 3, and upper X, band. The general
shape of the experimental lower =, band is in reasonable
agreement with the calculation, there being an indication
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FIG. 3. Dispersion of the unoccupied bands above the Fermi
level for the Nb(110) = direction as determined from the data in
Fig. 1. The experimental observations are indicated by the vert-
ical dashed lines. The solid lines are from the theoretical calcu-
lation of Ref. 2. The high-lying 2, band used for plotting this
dispersion is compared with a free-electron band (dashed line).
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that the band disperses down below the Fermi level be-
fore dispersing upwards again. Indeed this supports the
assignment of a peak close to the Fermi energy in the ear-
lier photoemission studies® to the same 3, band. The
peak was observed in photoemission spectra for photon
energies around 15 eV, which corresponds to the incident
electron energies (defined with respect to the Fermi level)
at which the 2, band appears to be close to or below the
Fermi level in the present experiment.

The most obvious disagreement between theory and ex-
periment occurs at the I',s critical point. This disagree-
ment in particularly surprising in view of the good agree-
ment for the I'j, point. In Table I we compare our ex-
perimentally determined values of these I critical points
with a number of different calculations. It will be seen
that in general good agreement is found between the ex-
periment and modern self-consistent calculations for the
I', point but all calculations place the I',s point closer to
the Fermi level. Of course any agreement may be purely
fortuitous in that we are comparing an experimentally
determined excited state with a calculation of the ground
state. Indeed the difference between the experimentally
observed energies and the density-functional calculation
of the band structure reflects the real component of the
self-energy of the final electron state. However model
calculations suggest that within 5 eV of the Fermi level
this difference should be small.'* !5

Possible explanations for the discrepancy between our
experiment and the theoretical positioning of the I',s
point include misalignment of the sample, the presence of
the boundaries of the large crystallites, or the presence of
electronic surface states and resonances. We believe that
any misalignment of the sample was minimal. Indeed,
spectra recorded away from the surface normal indicated
that the high £, and X, bands had their minimum separa-
tion at the surface normal. Finally, without experiments
on a full single crystal it is not possible to assess the
influence of the crystallite sizes in the recrystallized foil.
However, we note that an earlier angle-resolved photo-
emission study'® of a palladium monolayer grown on a
similar niobium substrate did not appear to be influenced
by crystallite size. Unoccupied resonances situated near
the center of the surface zone and at an appropriate ener-
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TABLE 1. Comparison of the critical points determined in
different calculations with the experimentally observed points.
The references of the different calculations are indicated.

Reference Iy 'y, I,—Tss
1 0.34 2.6 2.26
2 0.52 3.45 2.93
3 0.19 3.18 2.99
4 0.43 2.72 2.29
Expt. 1.6 3.5 1.9

gy above the Fermi level have been predicted in a recent
slab calculation of the niobium (110) surface.!” Thus the
possibility exists of a transfer of oscillator strength from
the bulk band to a close-lying resonance for values of k,
corresponding to the center of the zone. Indeed such a
transfer of intensity between bulk bands and surface
states has previously been observed in an inverse-
photoemission study.'®

In summary, we have used inverse photoemission to
map out the unoccupied d bands of niobium. We have
found reasonable agreement between the experimentally
determined dispersion and theoretical calculations. Our
study has allowed us to determine the form of the initial
3, band. We find that this band is well removed in shape
from a free-electron-like band due to strong hybridization
effects. We have also determined the critical points at the
center of the zone. The agreement is particularly good
for the I'|, point but a discrepancy exists in the measured
I',s point. We suggest that this discrepancy is possibly
due to the presence of surface resonances at the center of
the zone.

Our measurements of the fluorescent decay of the 4p
core levels show that this emission is dominated by radia-
tive transitions into the 4p; , core level. We suggest that
Coster-Kronig decay of the 4p,,, level may lead to this
imbalance.
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